coordination of movement stabilizes the head in space (Cromwell, Newton, & Carlton, 2001; Cromwell, Pidcoe, et al., 2004; Cromwell, Schurter, Shelton, & Vora, 2004; Di Fabio & Emasithi, 1997; Pozzo, Berthoz, & Lefort, 1990) . When the head is stabilized, the motor system can then coordinate body segments to adjust to changing visual information in the environment for successful movement. Research has shown that when older adults walk without visual information from the environment, compensation for this sensory change results in decreased head stability that compromises balance Cromwell, Newton, & Forrest, 2002) .
Due to these age-related sensory changes, older adults have difficulty maintaining balance when experiencing an unexpected perturbation (such as a slip) while walking in the environment. They tend to fall in the lateral direction when they experience a slip (Lord, Rogers, Howland, & Fitzpatrick, 1999; Mille, Johnson, Martinez, & Rogers, 2005) . Research demonstrates that falls in the lateral direction are a risk factor for hip fractures (Greenspan, Myers, Maitland, Resnick, & Hayes, 1994) . A lateral perturbation induces a lateral displacement of the center of mass relative to the base of support (Maki, McIlroy, & Perry, 1996) . When the instantaneous position and velocity of the center of mass with respect to the base of support exceed stability limits, a loss of balance occurs (Maki et al., 1996) . As a result, older adults are unable to produce a rapid movement of the base of support to achieve stability.
Optical information provides sensory input for control and guidance of movement for successful maneuverability through the environment (Gibson, 1966) . Lee (1978) called the coordination between the visual and motor systems perceptual-motor coordination. Adaptation of the perceptual-motor system occurs when planned movement responses adjust to changing visual information in the environment Richards, Mulavara, & Bloomberg, 2007; Rieser, Pick, Ashmead, & Garing, 1995; Weber, Fletcher, Gordon, Melvill Jones, & Block, 1998) . Therefore, perceptual-motor adaptive behavior occurs as a response to a mismatch between visual information presented in the environment and the outcome of the body's current movement state.
Researchers have investigated practice strategies to enhance perceptual-motor adaptation to novel tasks (Bock, Schneider, & Bloomberg, 2001; Catalano & Kleiner, 1984; Commins, Cunningham, Harvey, & Walsh, 2003; Roller, Cohen, Kimball, & Bloomberg, 2001; Shea & Morgan, 1979; Welch, Bridgeman, Anand, & Browman, 1993) . Adaptation to novel perceptual-motor tasks occurs faster with training. Training under variable perceptual-motor conditions facilitates adaptation of the perceptual-motor system. Adaptability of motor skills can be enhanced through training including both manual control (Bock et al., 2001; Roller et al., 2001; Shadmehr & Moussavi, 2000; Welch et al., 1993) and locomotion (BuccelloStout et al., 2008; Cohen, Bloomberg, & Mulavara 2005; Mulavara, Cohen, & Bloomberg, 2009; van Hedel, Biedermann, Erni, & Dietz, 2002) . The adaptability of the perceptual-motor system to a related novel task is termed adaptive generalization (Welch et al., 1993) . Perceptual-motor adaptation will generalize to tasks that require similar relationships between perceptual-motor systems (Bock et al., 2001; Buccello-Stout et al., 2008) .
Trained sensorimotor adaptation can be retained for long periods of time. Adaptability effects associated with manual-control training can be retained for 27 months (Martin, Keating, Goodkin, Bastian, & Thach, 1996) . Perturbation-training studies show an improvement in gait stability that is retained for up to 12 months (Bhatt & Pai, 2005; Bhatt, Wang, & Pai, 2006) . Partial retention of hand-eye coordination during a mirror-tracing task was observed after a 5-year period (Rodrigue, Kennedy, & Raz, 2005) . These studies indicate that retention is a reflection of the learning that has occurred during training.
Virtual reality is frequently used to train adaptation of the sensorimotor systems. It is used as a mechanism for improving sensorimotor function in patients with neurological impairment (Katz et al., 2005; Merians, Poizner, Boian, Burdea, & Adamovich, 2006) . Strength, functional performance, and gait speed in poststroke patients were significantly improved using virtual-reality training (McComas & Sveistrup, 2002) . Given the rehabilitative use of virtual reality to train sensorimotor systems, we wanted to use virtual reality as a mechanism to train sensorimotor adaptability of head stability in older adults.
The purpose of this study was to determine if exposure to sensorimotor adaptability training consisting of perceptual-motor mismatch improved head stabilization in older adults. In this study, we tested the hypothesis that head stability of older adults when experiencing an unexpected lateral perturbation would improve in response to sensorimotor adaptation training that involved viewing simulated visual-field rotation about the yaw/longitudinal axis while walking straight on a treadmill.
Method Participants
Sixteen participants age 66-81 years were recruited from the University of Texas Medical Branch Sealy Center on Aging Volunteer Registry. All participants gave written informed consent, and the study was approved by the University of Texas Medical Branch institutional review board. Screening consisted of participants completing a sociodemographic, health, and fall-status questionnaire; the Snellen Visual Acuity Test; and the Berg Balance Scale. Participants were excluded from the study if they did not have visual acuity within normal limits or corrected to within normal limits of 20/40 (American Academy of Family Physicians, 1999). Participants were also excluded if they scored below 45 points on the Berg Balance Scale (Berg, Wood-Dauphinee, Williams, & Maki, 1992) . A balance score below 45 indicates the need to use an assistive device (Chiu, Au-Yeung, & Lo, 2003) . See Table 1 for pretrial demographic and balance characteristics.
Participants were assigned at random to the control group (n = 8) or the experimental group (n = 8). For the continuous screening variables, a t test indicated no significant differences between groups (p > .05). For all other screening variables, Fisher's exact test indicated no significant differences between groups (p > .05).
Apparatus
Testing Apparatus. The perturbation-pathway test consisted of a Balderini movable platform that was part of a foam-covered pathway. The length of the foam pathway was 285.75 cm. The Balderini is a custom-built movable platform 209.55 cm long by 95.89 cm wide modeled after the Balance Disturber (BALDER) platform (Wall, Oddsson, Patronik, Sienko, & Kentala, 2002 -2003 . Participants experienced an unexpected lateral perturbation when they stepped on the movable platform. The Balderini translated linearly in the horizontal plane by two AC servomotors controlled by an on-board microprocessor through two linear servo drivers. The platform was programmed to shift 50 mm to the left. The acceleration and deceleration of the left shift were 9.81 m/s 2 .
Two infrared photodetectors were set up 235 cm apart at each end of the pathway. The first infrared beam was aligned with the leading edge of the movable platform and triggered data collection when the plate moved. When participants passed the second photodetector, data collection stopped. The signal from the photodetectors was collected using Power Lab, an analog-to-digital (A/D) data-collection system (ADInstruments, Colorado Springs, CO). By collecting the photodetector signal in this manner, it was synchronized with measures of head and trunk angular velocity also collected through this A/D system. Head and trunk angular velocities were collected using triaxial angular rate sensors (Watson, Inc., Eau Claire, WI). The sensors were aligned approximately with the centers of mass of the head and trunk segments (Clauser, McConville, & Young, 1969) . The head sensor was centered between the subject's ears on top of the head. The trunk sensor was positioned on the subject's chest at the level of the seventh thoracic vertebra. All data collected through the A/D collection system were sampled at 200 Hz. Angular-velocity data were filtered using a low-pass zero-lag Butterworth filter with a cutoff frequency of 20 Hz. Matlab Software (MathWorks, Inc., Natick, MA) was used to filter the data.
Participants wore a lightweight harness attached to an overhead trolley that ran the length of the walkway. This fall-resist system was used as a preventive measure in the rare case that a participant should begin to fall as a result of the 55.3 (1.4) 54.8 (1.6) Number of subjects who had fallen in past 6 months 0 1 Number of subjects who had tripped in past 6 months 4 3 Number of subjects who were fearful of falling 1 1 lateral perturbation. No older adults in this study lost their balance to the extent that this device was needed. Figure 1 shows the testing apparatus and test setup.
Training Apparatus. The training apparatus was the same as that used by Buccello-Stout et al. (2008) . The participants walked on a motorized treadmill at 2.9 km/hr for 20 min. While walking on the treadmill, they viewed the interior of a three-dimensional virtual office scene projected on a screen 139.7cm high and 170.2 cm wide 1.5 m in front of them. The scene consisted of floor plants, floor office lamps, wall pictures, a wall clock, and chairs. The virtual visual scene rotated about the yaw axis so that the experimental group participants would perceive movement around the perimeter of the virtual room. The virtual visual-scene rotation about the yaw axis was used to make the virtual environment appear realistic to what one would experience when naturally walking the perimeter of a room. While the visual information from the rotating virtual scene provided continuous self-motion of walking around the perimeter of a room, the participants walked straight on the treadmill. The rotational speed of the virtual-scene movement and the treadmill speed were the same. Although subjects walked straight on the treadmill, the virtual visual scene presented constant self-motion equivalent to walking around the perimeter of a room to one's left. The perceived self-motion was that the subject was walking to the right in the room. By creating the perceptual-motor mismatch, the perceptual-motor systems were given the opportunity to adapt to the conflicting sensory information Richards et al., 2007; Rieser, Pick, Ashmead, & Garing, 1995; Weber et al., 1998) . This perceptual-motor mismatch induced a simulated postural challenge requiring subjects to actively work at maintaining balance control. By creating this type of simulated postural challenge during training, generalizability of the learned coordination for head and trunk movements could be assessed when walking through the environment and experiencing an unexpected perturbation. The control group did not view a rotating visual scene but instead viewed the scene statically. Participants wore the fall-resist system while walking on the treadmill.
Procedures
Pretest. Participants first completed the perturbation-pathway test. To control for the variety of footwear worn by older adults, participants removed their shoes to complete this test. To begin the test, they were positioned at the start of the pathway so that their first step onto the platform was with their right foot. Participants started far enough in front of the movable platform to take at least two steps before contacting the plate. A total of six trials were completed. They consisted of the perturbation platform moving for three trials and remaining stationary for three trials. The order of platform perturbations was randomized for each subject. Participants were told that the platform would move for three trials and remain stationary for three trials. They were told that the trials would be randomized and that they would not know in which trials the platform was going to move. The nonperturbed trials were not analyzed since they were used for the purpose of randomizing the unexpected lateral-perturbation trials. At the conclusion of the test, participants rested for 20 min before beginning the first training session. The first training session occurred the same day as the pretest. Similarly, the last training session was completed on the same day as the posttest. The last training session was administered before the posttest.
Training Sessions 1-8. The training sessions were the same as those used by Buccello-Stout et al. (2008) . The sessions occurred twice a week for 4 weeks. This training frequency was used to provide optimal training while not causing the participants to fatigue. All participants were required to finish each week's training by Friday and could not begin the next week until Monday. Goggles were worn during each training session. The goggles restricted participants' peripheral view of the environment to facilitate immersion in the visual scene. To begin the training session, participants slowly walked on the treadmill until they felt comfortable. Treadmill speed was increased to 2.9 km/hr. Once the treadmill reached 2.9 km/ hr, the moving visual scene was viewed by the experimental participants while the static scene was viewed by the control participants, and a stopwatch was started to time the 20-min training session. At the end of every 3 min, participants in both groups were instructed to look down for a 1-min rest period while continuing to walk on the treadmill. The rest period was given to allow subjects time to look away from the visual scene, in an effort to reduce visual fatigue.
Posttest. At the end of 4 weeks of training, participants were posttested. The same perturbation-pathway test protocol that was used for the pretest was used to posttest participants.
Retention. After an additional 4 weeks without sensorimotor adaptation training, participants again completed the perturbation-pathway test. The same protocol used for the pretest and posttest sessions was conducted again.
Statistical Analysis
Cross-Correlations of Head and Trunk Movement. To examine the coordination between head and trunk movements, cross-correlation techniques were used (Amblard, Assaiante, Lekhel, & Marchand, 1994; Cromwell, 2003; Cromwell & Wellmon, 2001 ). Cross-correlation techniques provide a method for analysis of multisegmental movements using two time series of kinematic measures (Amblard et al., 1994) . For this study, cross-correlations were calculated between the head and trunk angular velocity in space for the pitch (movement of the head up and down), roll (movement of an ear to the shoulder), and yaw (movement of the head to the left or right) planes of motion. Head-in-space angular velocity was cross-correlated with trunk-in-space angular velocity using Matlab Software (MathWorks, Inc., Natick, MA). The cross-correlation coefficients represent the strength and direction of the relationship between head and trunk movements. A positive correlation indicated that the head and trunk moved in the same direction, and a negative correlation indicated that the head and trunk moved in opposite directions. A perfect correlation between head and trunk motion was represented by a 1 or -1 correlation value.
Cross-correlation also allows the quantification of timing between the head and trunk motion at incremental phase shifts in time (Amblard et al., 1994) . The predominant movement pattern between the head and trunk was identified as the phase shift that corresponded to the strongest cross-correlation coefficient. The phase differences at which the peak correlations occurred were then normalized to 100% of the stride, heel-to-heel strike of the same foot, to compare head and trunk movement strategies between the two groups. These patterns are revealed in the frequency histograms. Positive phase values indicated that the head led the trunk, whereas negative phase values showed that the head lagged the trunk. A phase value of zero indicated that the head and trunk moved simultaneously. The predominant movement patterns were identified for the three pathway-perturbation trials. Since the gait cycle times are not exactly the same from participant to participant, normalization to total cycle time has been used to identify patterns in the gait cycle among a group of individuals (Winter, 1983; Winter, MacKinnon, Ruder, & Wieman, 1993) . Normalizing standardizes the cycle to identify patterns that would not otherwise emerge if absolute time were used. Since head and trunk movements are linked to footfall patterns, the data were normalized. The duration of the absolute-phase lag time between the peak head and trunk angular velocity was transformed to a relative measure expressed as a percentage of the total stride time. Analyzing cross-correlation patterns in this way provides head-trunk coordination patterns as a function of the gait cycle so that patterns can be identified. Frequency histograms were created to summarize the head and trunk predominant movement patterns (Amblard et al., 1994) . The frequency of movement patterns was determined by counting the number of times predominant patterns occurred for each group, in each plane of motion, across test periods. The data were plotted as frequency histograms by grouping the phase values into consecutive intervals that equaled 10% of the stride. The 10% intervals ranged from -100 to 100% of the stride. The number of times a movement pattern occurred in each phase interval was plotted as either a positive or negative value on the y axis, corresponding to whether the cross-correlation coefficient values were positive or negative. The values indicated the direction associated with each segment pair. A positive value indicated that the head and trunk moved in the same direction, whereas a negative value indicated that the head and trunk moved in opposite directions. While the correlation coefficient provides direction and strength of the head-trunk relationship, directionality is depicted in the frequency histogram as the positive or negative frequency relates to the correlation coefficient.
The chi-square test of independence was used to evaluate the movement-pattern distributions of head-trunk coordination during unexpected perturbed walking for each group, in each plane of motion, for each test period. Group was the only independent variable used in the analysis. The dependent variables were the frequencies of head and trunk timing based on the phase shift according to 10% bins of the gait cycle for the pitch, roll, and yaw planes of motion. The chi-square analysis was completed for each test period to determine group differences in movement-pattern distributions after the training. A total of nine chi-square analyses were conducted. Three were conducted at each test period to examine group differences for the pitch, roll, and yaw planes of motion. An analysis of standardized residuals was used for significant results from the chi-square analyses (Sheskin, 2002) .
Results

Pretest
Results of the chi-square analyses indicated no significant differences (p > .05) in head and trunk movements between the experimental and control groups for the pretest. This was the case for all planes of motion tested (Figure 3 ). Most subjects used movement patterns in which head and trunk segments moved in the same direction. In some cases the head led the trunk, and in others the head lagged the trunk. This was true for all planes of motion.
Posttest
Results of the chi-square analyses indicated no significant differences (p > .05) between groups in head and trunk movement patterns in the pitch and roll planes of motion for the posttest period.
Results of the chi-square analyses indicated a significant difference in the head and trunk movements between groups in the yaw plane of motion (p < .05; Figure  4 ). After completing the sensorimotor adaptation training, the experimental group used a predominant movement strategy of the head and trunk moving synchronously in the same direction. However, the control group demonstrated greater variability in movement strategies.
Retention
Results of the chi-square analyses indicated no significant differences (p > .05) in head and trunk movements between the experimental and control groups for the retention test period. This was the case for all planes of motion tested ( Figure 5 ). In the yaw plane of motion the control group showed a predominant movement pattern of the head and trunk moving together as the segments moved in the same direction, whereas the experimental group's predominant movement pattern was the head leading the trunk by 10% as the segments moved in the same direction. 
Discussion
In the current study, we investigated the extent to which sensorimotor adaptation training in older adults improved their head stabilization in response to an unpredictable lateral perturbation while walking. In addition, we evaluated whether any changes in the head and trunk movement responses to an unpredictable lateral perturbation were retained. After completing sensorimotor adaptation training, the experimental group had adopted a more effective "body-centered" head-stabilization pattern in the yaw plane of motion when they experienced the unexpected perturbation. Cromwell and Wellmon (2001) describe this pattern as a shift in reference frame for movement control. As opposed to controlling body movement with respect to space, head movement was controlled with respect to a body frame of Figure 4 -Percentage of head and trunk movements for all subjects in each group during the posttest session for the pitch, roll, and yaw planes of motion. Negative and positive percentages with respect to the x axis refer to the direction of the phase shift, which indicates whether the head led the trunk (+) or the trunk led the head (-). Negative and positive counts with respect to the y axis indicate whether the head and trunk moved in the same (+) or different (-) directions. *Statistically significant difference between groups in the yaw plane of motion.
reference. This type of movement pattern ensures head stability in conditions that are more challenging (Cromwell et al., 2002; Cromwell & Wellmon, 2001 ). The body-centered head-stabilization strategy was plane-specific to the sensorimotor adaptation training of the virtual office scene rotating in the yaw plane. However, this trained effect did not remain after 4 weeks.
The head-stabilization strategies used by the experimental group, after sensorimotor adaptation training, suggest that the specificity of the training in the yaw plane of motion was responsible for the findings. Training the perceptual-motor Figure 5 -Percentage of head and trunk movements for all subjects in each group during the retention session for the pitch, roll, and yaw planes of motion. Negative and positive percentages with respect to the x axis refer to the direction of the phase shift, which indicates whether the head led the trunk (+) or the trunk led the head (-). Negative and positive counts with respect to the y axis indicate whether the head and trunk moved in the same (+) or different (-) directions. mismatch between the rotating visual scene in the yaw direction and walking straight on the treadmill provided the participants the perception of coordinating movement to successfully maneuver around obstacles in the virtual environment. Adaptation was then tested by head and trunk movement patterns in response to the unexpected lateral perturbation. The findings suggest that the change in head and trunk movement patterns while subjects viewed the visual scene in the yaw plane of motion were learned during the training task and the adaptive response was used, in the yaw plane of motion, in response to the unexpected perturbation.
The head-stabilization strategy that the experimental group used in the yaw plane of motion during the posttest period suggests that the older adults moved toward a more body-centered strategy. The body-centered strategy was likely a protective mechanism induced by the mismatch training. It would appear that the exposure to the perceptual-motor discordance during training resulted in the adaptation of the more body-centered head-stabilization strategy. This pattern ensures head-on-body stability (Cromwell & Wellmon, 2001 ). Use of a body-centered strategy provides an effective way to manage head stability when balance is threatened during walking when the environmental conditions appear to be unpredictable or inaccurate (Cromwell & Wellmon, 2001) . In adopting this strategy, the older adults in the experimental group shifted to a more effective head-stabilization strategy when experiencing the lateral perturbation (slip) after training. The body-centered strategy achieved after the training may lead to improved fall-prevention responses in older adults who experience a slip while walking.
These results demonstrate that adaptability of the perceptual-motor systems will transfer to tasks that include similar perceptual-motor relationships (Bock et al., 2001; Buccello-Stout et al., 2008; Gibson, 1979) . Sensorimotor adaptation training that affords the learning of functional tasks should be similar to the visual information needed to successfully perform functional tasks in the environment (Gibson, 1979) . Environmental features perceived by the visual system have functional meaning, and, as a result, actions can then be taken by the individual for successful movement in tasks that require similar functional meaning in the environment. It is through the direct perception of functional information in the environment that successful movement strategies can occur (Gibson, 1979) . The control of balance during gait is complex. However, our results suggest that by training the perceptual-motor systems in the yaw plane of motion, differences specific to head-stabilization strategies occurred between the two groups. By training the perception of functional information in the yaw plane of motion, the experimental group demonstrated an adaptive headstabilization strategy in that specific plane. Participants used more effective headstabilization strategies in the yaw plane of motion when experiencing an unexpected lateral perturbation after sensorimotor adaptation training.
These results also add to the current perceptual-motor adaptation literature (Bock et al., 2001; Buccello-Stout et al., 2008; Catalano & Kleiner, 1984; Commins et al., 2003; Roller et al., 2001; Shea & Morgan, 1979; Welch et al., 1993) by demonstrating that learned perceptual-motor relationships for successful movement through the virtual environment generalized to head and trunk movement responses on an unexpected lateral perturbation task in older adults. The use of the perceptualmotor mismatch during training facilitated effective adaptation of the sensorimotor systems. As a result, the adaptation strategy learned was then transferred to the older adults' head and trunk movement response when experiencing the unexpected lateral perturbation. By using the perceptual-motor mismatch between the rotating visual scene and walking straight on the treadmill, the older adults' perceptual-motor systems were given the opportunity to adapt to the conflicting sensory information. The training created a challenge to postural control that required the older adults to actively work at maintaining balance control.
The virtual visual-scene rotation about the yaw axis allowed for the virtual environment to appear realistic to what one would experience when naturally walking the perimeter of the room. Gibson (1966) indicates that visual information obtained from the environment results in the head turning in relation to the body, limb movement relative to the body, and locomotion relative to the environment (Gibson, 1966) . During virtual visual-scene rotation, the older adults gaze followed the yaw rotation of the virtual visual scene. When experiencing the unexpected lateral perturbation, the experimental participants relied on visual information in the yaw plane to adjust their head movement with respect to the body's frame of reference. Cromwell, Pidcoe, et al. (2004) suggest that there is a reciprocal relationship between gaze stability and head stabilization. Furthermore, they indicate that gaze stabilization facilitates the head-stabilization process. While eye movements were not measured in this study, it is possible that improved yaw stabilization of the head in response to the perturbation facilitated gaze fixation in the direction of body movement. Perhaps, by visually training in the yaw plane of motion, the older adults were better able to stabilize their gaze in that specific plane. When experiencing the unexpected perturbation, the learned gaze stabilization may have facilitated a more effective head-stabilization strategy in the yaw plane of motion.
Training the perception of functional information in the yaw plane of motion did not result in a training effect for the pitch and roll planes of motion. Although the primary axis for head and trunk movement during a lateral perturbation is in the roll plane of motion, training in the yaw plane of motion did not transfer to the roll plane of motion. These nonsignificant results suggest that the training may need to include the perception of functional information in the roll and pitch planes of motion, as well. This study only used the presentation of functional information in the yaw plane of motion during the training sessions. This is a limitation of the study because training functional information in all three planes of motion may have resulted in a training effect for all of the planes of motion. As a result, a more effective head-stabilization strategy may have been adopted in all three planes of motion in response to an unexpected lateral perturbation during walking. Further studies should examine a training program that includes functional movement in all three planes of motion.
When the participants were retested after 4 weeks on the unexpected-lateralperturbation task, they no longer showed the more effective head-stabilization pattern. Training may need to continue for a longer period of time. Savion-Lemieux and Penhune (2005) suggest that the distribution of practice is the most important factor for learning and retention. Long delays between practice sessions may make the retrieval of aspects of the task more difficult (Savion-Lemieux & Penhune, 2005) . Therefore, research studies should examine optimization of the sensorimotor adaptation training regimen. By training in all three planes of motion, we can achieve a greater understanding of the contribution of training for postural control in all three planes of motion. Once the training regimen is optimized, a maintenance schedule can be developed for older adults.
Conclusions
The current study demonstrated that sensorimotor adaptation training composed of prolonged exposure to perceptual-motor mismatch in older adults increased adaptability of head and trunk movements when experiencing an unexpected lateral perturbation. Sensorimotor adaptation training in the yaw plane of motion generalized to an improved head-on-body strategy in the yaw plane of motion during unexpected lateral perturbations. However, the improvement in head and trunk movements was not retained 4 weeks later. This training protocol may need to include aspects of training in the roll and pitch planes of motion for improved head and trunk movements in all three planes of motion. In addition, the sensorimotor adaptation training may need to be completed on a more frequent basis. Once it has been demonstrated that this kind of sensorimotor adaptation training is successful in providing improved postural control, the information gained from future studies could then be used to develop an effective fall-prevention program for older adults.
